We use variation at a set of eight human Y chromosome microsatellite loci to investigate the demographic history of the Y chromosome. Instead of assuming a population of constant size, as in most of the previous work on the Y chromosome, we consider a model which permits a period of recent population growth. We show that for most populations in our sample this model fits the data far better than a model with no growth.
Introduction
Like mtDNA, the Y chromosome is uniparentally inherited, and non-recombining along most of its length. These characteristics have motivated a number of recent studies which seek to infer the history of the Y chromosome, addressing questions similar to those examined for mtDNA (Vigilant et al., 1991) . Of particular interest is the time of the most recent common ancestor (MRCA) of human Y chromosomes, which has implications for the origin and dispersal of modern humans. This problem has recently attracted considerable attention, including both experimental studies (Dorit, Akashi and Gilbert 1995 , Hammer 1995 , Whitfield et al 1995 , Underhill et al., 1997 , Hammer et al., 1998 , and statistical analyses of existing data sets (Donnelly et al., 1996 , Fu 1996 , Fu and Li 1996 , Weiss and von Haeseler 1996 , Tavaré et al., 1997 , Fu and Li, 1997 , Wilson and Balding, 1998 .
Estimates of the age of the MRCA are heavily dependent on both the assumed demographic model and estimates of its component parameters (Brookfield 1997 , Tavaré et al., 1997 . In a sense, this point is obvious:
estimates of MRCA times are of interest largely because of the information that they carry about the size and structure of ancestral populations.
For these reasons, it is important to explore possible population models for human populations, in order to understand the implications of departures from the simplest Wright-Fisher model. In addition, estimating demographic parameters (under a particular model) is a more direct way of inferring the details of human history than estimating MRCA times.
In this paper, we focus in particular on the possible role of population expansion in generating the patterns of variation in human Y 1 chromosomes. It is well known that the global human population has undergone a dramatic recent expansion (Cavalli-Sforza Menozzi and Piazza 1994, p. 105; Harpending et al., 1998) . Thus, a constant-sized population model seems dubious.
Previous work on human mtDNA variation (e.g., Merriwether et al. 1991 ) has found consistent evidence of population growth for most populations (but see Weiss and von Haeseler, 1998) . There is also evidence for population growth in patterns of variation at autosomal microsatellite loci (e.g. Kimmel et al., 1998) . In contrast, however, data from the β-globin locus are consistent with a constant-sized population model (Harding et al., 1997) .
We analyse microsatellite variation at a set of eight Y chromosome triand tetra-nucleotide repeats, surveyed in a world-wide sample of 445 human males (Perez et al., 1997, Seielstad, Minch and Cavalli-Sforza, 1998 ). These loci are highly variable, and thus permit the analysis of fairly complicated evolutionary models. While most of the previous analyses of Y chromosome data have assumed a constant population size model, we consider a more general model which permits recent exponential population growth from an ancestral population of fixed size. This model has been studied previously by Weiss and von Haeseler (1998) in a study of mtDNA variation.
For a series of populations, haplotype information and estimates of single-locus variability are used to obtain posterior probabilities of the model parameters. Our analysis assumes the stepwise mutation model for microsatellite evolution (Goldstein et al., 1995a , Slatkin, 1995 . Wilson and Balding (1998) have recently implemented a Markov chain Monte Carlo (MCMC) algorithm for analyzing microsatellite data under the 2 stepwise mutation model, with constant population size. Analyzing a data set of (primarily) East Anglian (U.K.) chromosomes under a constant-sized population model, they reported that the 95% interval of MRCA times extended from 15,000 to 130,000 years, with a mode at around 30,000 years and that the effective population size was in the low thousands. Here we consider a more general population and mutation model, and a more geographically diverse data set. 
Microsatellite loci
All 445 individuals were typed at each of eight Y chromosome microsatellite markers: two trinucleotide repeats, DYS388, and DYS392, and six tetranucleotide repeats, DYS19, DYS389I, DYS389II, DYS390, 4 DYS391, and DYS393 (Perez et al., 1997) . Since the PCR fragment DYS389II contains the DYS389I fragment plus an additional microsatellite locus (de Knijff et al., 1997) we replaced the fragment size DYS389II by (DYS389II − DYS389I) in our analysis. None of these loci amplified in females.
Microsatellite mutation models
Pedigree studies of microsatellite mutation (e.g. Weber and Wong 1993) show that most mutations increase or decrease repeat scores by a single repeat unit; rarer mutations change the repeat score by 2 or more steps.
Unless otherwise stated, we modelled the change in repeat score due to a single mutation using a symmetric geometric distribution, with parameter p; we assumed a constant mutation rate µ, and assumed that the probability of a mutation of size k at a single locus, during one generation,
below, both µ and p were independent of the initial repeat score. Most previous theoretical work on microsatellites has been parametrized in terms of the variance of the mutation size distribution (assuming k > 0), σ 2 . Since it is easy to compute the value of p corresponding to a given value of σ 2 ≥ 1, henceforth our model will be specified in terms of σ 2 .
A series of mutation models was used in order to investigate sensitivity to the model and parameters. These models were: (A) mutations drawn from a symmetric geometric as above, (B) pure one-step mutation (i.e., p = 1), (C) mutation rates variable among loci (with mutations drawn from a symmetric geometric as above), and (D) range constraints on maximum and minimum allowable repeat scores under the single-step 5 mutation model. Some further details are given below. We have not considered the effect of asymmetric mutation rates.
In (C), the average mutation rate was set as some µ, and the mutation rate at the ith locus was set to µV i /V , where V i and V were the observed variance at the ith locus, and mean observed variance over all loci, respectively. In (D), we used pure stepwise mutation with reflecting boundaries (Feldman et al., 1997) . The common ancestral allele at each locus was chosen to be j repeats, and the maximum and minimum repeat scores were j + 3 and j − 3 respectively. (For comparison, the average observed range was slightly larger, at 6.5 repeats. We chose an allowable range of 6.0 repeats so that the effect of range constraints, if any, would be less extreme than under this model.)
Population model
We assume that human population histories can be represented by a model of exponential growth from an ancestral population of fixed size. That is, we assume that there was an ancestral, random-mating population of constant size, containing an (effective) number N A of Y chromosomes. At time t 0 /g generations before the present, the population began exponential growth at rate r > 0 per generation. (Here, t 0 is the time in years at which exponential growth started, and g is the average generation time.) The modern effective population size is then N A e (rt 0 /g) . This model is closely related to that assumed by Weiss and von Haeseler (1998) .
Prior values
The two largest data sets of microsatellite mutations (Weber and Wong 1993, Dib et al 1996) suggest that dinucleotide mutation rates are roughly 6 × 10 −4 per locus, per generation. Furthermore, Chakraborty et al. (Chakraborty et al., 1997) estimated that autosomal tetranucleotide rates are roughly half of dinucleotide rates. In contrast, Heyer et al. (1997) who studied Y chromosome microsatellite mutation rates directly from pedigrees estimated a rather higher rate 2 × 10 −3 , albeit on the basis of just a few observed mutations. In order to model the uncertainty in the value of µ, we used a Gamma prior, with parameters (10,12500 −1 ). This distribution has a mean at 8 × 10 −4 , and permits both of the above estimates.
We modeled the variance in mutation size, σ 2 , as having a prior Since the major goal of this study is estimation of the population parameters, and since the prior information on these is fairly vague, we adopted rather diffuse priors for these. Typical values of N e estimated using the constant population size model are of the order of 10, 000.
Therefore, we used a rather vague prior for N A , namely a LogNormal with parameters 8.5 and 2. The prior on r was Expo(0.005) per generation.
The prior on t 0 was Expo(20, 000) generations ago, corresponding to a mean time for the start of population growth of 20,000 years ago. This exponential growth model, with mutation model A (Section 2.2) will be referred to as the Standard Model. We assume that the generation time, g, is 20 years.
Because of our interest in whether the data supported the exponential growth model, we also present results from an additional set of simulations, in which we placed half the prior weight on a model of constant population size, and half on the Standard Model described above. More specifically, we changed the prior on t 0 so that with probability 0.5, t 0 = 0 (this is, in effect, a model of constant population size), and with probability 0.5, t 0 ∼ Expo(20, 000), as before. The other parameters were as above. Tavaré et al., (1997) describe a rejection algorithm for estimating common ancestor times for DNA sequence data, when there is prior information about population demography. Their algorithm is designed for the infinite sites mutation model, and it replaces the full data set by a summary statistic, the number of segregating sites. The method used here is derived from their approach, but is less computationally efficient, due to the more complicated microsatellite mutation process.
Estimation procedure
The amount and distribution of variation in a sample of m chromosomes were summarized by three statistics: V , the mean (across loci) of the variance in repeat numbers, H, the mean effective heterozygosity (i.e., the probability of two randomly drawn chromosomes differing at a particular locus, averaged across loci), and n, the number of distinct haplotypes. (The term "haplotype" refers to the vector containing the repeat scores at each of the eight loci on a particular chromosome.
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Two haplotypes are considered to be different if they contain different alleles at any one of the eight loci.) These statistics were chosen because they exhibit different behaviors under different population models. The variance and heterozygosity can both be used to estimate Nµ (Pritchard and Feldman, 1996) , and used together they contain some information about population size changes (Kimmel et al., 1998) . Furthermore, since the Y chromosome is nonrecombining, it is sensible to include haplotype information in addition.
We used the number of haplotypes in the sample because simulations have shown this to be strongly affected by the population history (data not shown). In fact the number of haplotypes depends in large part on the lengths of the terminal and sub-terminal branches in the genealogy, because mutations must accumulate on those branches in order to create rare haplotypes. Thus, for a given amount of variation per locus, there will tend to be more distinct haplotypes in a growing population, which has longer terminal branches, than in a population of constant size.
For a data set of size m chromosomes, with summary statistics V , H, and n, we estimated posterior distributions for the parameters of interest using the following rejection algorithm:
1. Simulate µ, σ 2 , N A , r, and t 0 independently from the prior distributions given above.
2.
Simulate a sample of m chromosomes typed at eight microsatellite loci each, using the simulated values of µ, σ 2 , N A , r, and t 0 . The trees were generated using standard coalescent algorithms (Hudson, 1990; Slatkin and Hudson, 1991 , for the exponential growth phase). Microsatellite mutations were generated from the distributions described above in Section 2.2.
Compute V
* , H * , and n * , the variance, heterozygosity, and number of haplotypes, in the simulated sample, respectively. 
If all of |V −
V * |/V , |H − H * |/H,
Results
In the overall sample there were between six and eleven alleles at each locus. The mean heterozygosity (per locus) was 0.636, and the mean variance across loci in the number of repeat units was 1.149. The data used in the calculations are summarized in Table 1 .
Previous studies of autosomal microsatellites have found that African populations are typically more variable (in terms of heterozgyosity or variance in repeat scores) than non-African populations (e.g., Bowcock et al., 1994 , Deka et al., 1995 , Jorde et al., 1995 ; but see also Harding et al., 1997 , who observed a higher frequency of pairwise differences in Asia than in Africa). Our data do not show a clear excess of variability in African populations. The observed variance in repeat scores is higher within Africa than elsewhere, but the observed heterozygosity is lower.
Among the 445 chromosomes in the overall sample, there were 316 distinct haplotypes. Since these Y chromosome loci are non-recombining, every novel haplotype must result from at least one mutation. This implies a large number of mutation events in the ancestral genealogy of the sample (at least 315), and since the average minimum number of mutations per locus far exceeds the number of alleles per locus, it is clear that particular alleles must have arisen independently many times.
Despite the inferred pattern of parallel mutation, there is significant linkage disequilibrium among many of the loci in the sample. Applying
Fisher's Exact Test to the allele combinations at pairs of loci, we found that 16 of the 28 pairs were in significant linkage disequilibrium at the 5% level, using the (conservative) Bonferroni criterion to correct for multiple comparisons.
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The presence of allelic associations can also be inferred from the number of distinct haplotypes. We used a series of random permutations to form new sets of haplotypes in which the allele frequencies were the same as in the original data, but with random assignment of alleles to chromosomes. The mean number of distinct haplotypes in the random sets was 426.5 ± 3.2, which is highly significantly different from the 315 observed. This randomization procedure mimics the distribution that would be expected from a perfect star phylogeny, where there would be no linkage disequilibrium (since no mutations are shared by descent among lineages). We can therefore reject such an extreme model. As discussed below, we found strong support for the exponential growth model, as compared to the model of constant population size. This can also be seen from the posterior estimates of the growth-rate parameter r, which are of the order of 0.008 per generation under all models, and the fact that the lower bounds on the posterior interval for r are larger than in the prior.
Summary of results for world sample
The estimates of ancestral population size N A (less than about 5000) are close to the sorts of values often estimated under the assumption of constant population size (e.g., Wilson and Balding, 1998) . However such estimates of ancestral population size seem more realistic here than in the constant population size model, given that our results also indicate that the last 6,000 years or more (t 0 ) have been accompanied by substantial population growth.
As usual in this type of analysis, there is considerable posterior uncertainty in the time of the most recent common ancestor (T ). Most of the support here is for a relatively recent ancestor (in the last 120,000 years or so), although the model with range constraints permits a rather older MRCA. In converting these estimates from generations to years, we did not consider uncertainty in the generation time, but instead assumed a particular generation time, of 20 years. The effect of a different generation time would be a proportional rescaling of the time estimates. Table 2 also contains information about the variance in the size of microsatellite mutations, σ 2 . A common problem in using microsatellites for dating is that while not very much is known about σ 2 , the estimates depend heavily on the assumed value (Feldman, Kumm and Pritchard 1999) . Our approach here was to set a relatively vague prior on σ 2 . The combination of summary statistics (especially variance and heterozygosity) then contains some information about σ 2 . We found that the single step mutation model produces a good fit to the data, while a mutation process with large variance can be rejected. Our data suggest that for these loci the value of σ 2 is between 1.0 and 2.4, with a posterior mean of about 1.4.
Sensitivity to the mutation model
Since there is considerable uncertainty about the details of the microsatellite mutation process, we considered a series of four alternative models (see Section 2.2). The goal was to characterize the degree to which our estimates depended on the assumed mutation process. We found that our estimates of r and t 0 were quite consistent across mutation models.
In contrast, estimates of the time of the MRCA and (to a lesser extent)
ancestral population size were larger under the one-step mutation model, and the range constraint model than under the other models. This is hardly surprising-by preventing large mutations, these models lower the expected values of each of the summary statistics (at any given set of parameter values). In principle, if µ were high enough, range constraints could obscure the signal of evolutionary history altogether; this does not appear to be the case in these data, given that (1) there is strong linkage disequilibrium among the loci, and (2) The posterior estimates of the time at which population growth started are not highly informative, but they are consistent with an expansion associated with the start of agriculture some 10,000 years ago.
Summary of results for regional populations

Comparison of constant-size and exponential growth models
In order to assess the degree of support for the exponential growth model, compared to a model of constant population size, we considered a model in which 50% of the prior probability was placed on each model. Then, for a given δ, we estimated the acceptance rates for each model. 
Discussion
The early Y chromosome data sets contained rather few haplotypes (e.g., Dorit, Akashi and Gilbert 1995 , Hammer 1995 , Whitfield et al., 1995 , restricting most analyses to a simple demographic model: constant population size. More recent data sets (e.g. Underhill et al., 1997, and microsatellite data sets such as that considered here) contain larger numbers of ancestral mutations, and so present the opportunity to investigate more complex models.
In this study we considered a model of human demography which allows for population growth starting at some time t 0 in the past, and continuing until the present. Although we have followed most of the previous Y chromosome studies in estimating the time to the MRCA, we have also estimated a series of demographic parameters under the assumed model.
Estimates of MRCA times permit easy comparison among studies which use different methods or different loci. However, the MRCA time is only indirectly connected to population history, and it is notoriously difficult to estimate with high precision. For these reasons, more can be learned about the history of populations from estimates of demographic parameters.
The major finding of this study is that a model of constant population size produces a very poor fit to the data for most of the populations considered. The model of exponential growth performs far better, and for the world sample, we obtained a point estimate for the population growth rate of 0.008 per generation, starting 18,000 years ago.
The consistent pattern of population growth indicates that genetic distance measures and statistical tests that assume constant population size are inappropriate for the human Y chromosome. It will be important to evaluate which distance measures, and tree-building methods are robust in the presence of population growth. In addition, the neutral expectation that Y chromosomal loci should have 1/4 as much variation as autosomal loci is not valid if there has been a consistent pattern of population growth. In that case the levels of variation should be more similar (Slatkin and Hudson 1991) .
It is interesting to compare our estimates of MRCA times (Table 2 ) with those from several previous studies. We found evidence for a relatively recent common ancestor of the world sample, with point estimates ranging between about 45,000 and 90,000 years ago, depending on the mutation model, but with considerable uncertainty around those estimates. Underhill et al. (1997) made estimates for two sets of DNA sequence data. Their estimates were 162,000 years (range: 69,000-316,000 years) and 186,000 years (range: 77,000-372,000 years), using the method of Fu and Li (1997) . Hammer et al. (1998) used genotype data from a series of nine bi-allelic sites, and estimated the time to the MRCA at 147,000 years (range: 68,000-258,000 years), using a version of the method developed by Griffiths and Tavaré (1994) . Their analysis was complicated by the fact that the segregating sites had been identified previously, making it difficult to estimate the classical mutation parameter θ.
Both of these studies obtained estimates that are higher than obtained individuals. This is considerably more than our estimates for N A (mean 1000, range of 50-3,500) and this difference may account in large part for the higher estimates that they obtained.
Wilson and Balding (1998) used a full bayesian analysis to estimate an MRCA time of 30,000 years (range 15,000-130,000 years) using a set of microsatellite data, of limited geographic origin. Their estimates are comparable with ours, although their analysis differed in that it assumed a constant population size, single step mutation (see our Table 2 , model B), and a slightly higher mutation rate.
As noted above, our data do not show a clear excess of variation in Africa, relative to the rest of the world, in contrast with other studies of microsatellite and sequence variation. All the populations (except possibly West Africa) show very similar patterns of population growth from a small ancestral population, at approximately the same time. That is, our data do not support the idea that the effective population size of Y chromosomes is much larger in Africa than elsewhere, as has been found for other parts of the genome (e.g., Jorde et al., 1995 , Stoneking et al., 1997 .
A serious issue in population genetic studies using microsatellite variation is that the details of the microsatellite mutation process are only poorly understood. Most previous studies have assumed a particular version of the stepwise mutation process (usually setting σ 2 ≡ 1, and assuming no range constraints). Our approach here was to consider a number of possible mutation mechanisms, and to investigate the extent to which the estimates depended on these assumptions. Furthermore, we chose to treat σ 2 as unknown, and perform inference on it simultaneously with the demographic parameters of interest. This sort of approach should make our results more robust than other studies where the mutation process and σ 2 are assumed to be known. 
Data Availability
The data reported in this paper are available from www.stats.ox.ac.uk/∼pritch/home.html.
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